Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (Pin1) protein is known as a regulator which recognizes phosphorylated Ser/Thr-Pro motifs and increases the rate of cis and trans amide isomer interconversion, thereby altering the conformation of its substrates. We found that Pin1 knockdown using short hairpin RNA (shRNA) technology resulted in strong suppression of productive Epstein-Barr virus (EBV) DNA replication. We further identified the EBV DNA polymerase catalytic subunit, BALF5, as a Pin1 substrate in glutathione S-transferase (GST) pulldown and immunoprecipitation assays. Lambda protein phosphatase treatment abolished the binding of BALF5 to Pin1, and mutation analysis of BALF5 revealed that replacement of the Thr178 residue by Ala (BALF5 T178A) disrupted the interaction with Pin1. To further test the effects of Pin1 in the context of virus infection, we constructed a BALF5-deficient recombinant virus. Exogenous supply of wild-type BALF5 in HEK293 cells with knockout recombinant EBV allowed efficient synthesis of viral genome DNA, but BALF5 T178A could not provide support as efficiently as wild-type BALF5. In conclusion, we found that EBV DNA polymerase BALF5 subunit interacts with Pin1 through BALF5 Thr178 in a phosphorylation-dependent manner. Pin1 might modulate EBV DNA polymerase conformation for efficient, productive viral DNA replication.
T he Epstein-Barr virus (EBV) is a human gammaherpesvirus that mainly infects and establishes latent infection in B lymphocytes, but it also can infect other types of cells, such as NK, T, and epithelial cells.
EBV has both a latent state and a lytic replicative cycle in the nuclei of EBV-infected cells (1) . During the latent phase of the EBV life cycle, the EBV genome is maintained as a circular plasmid molecule, which is amplified once in S phase by cellular DNA replication machinery. However, a small percentage of infected cells switch from the latent stage into the lytic cycle, which is triggered by the expression of an immediate-early protein, BZLF1, to produce progeny viruses. This type of activation contributes to the development and maintenance of human cancers (2, 3) , suggesting that the EBV switching mechanism is also a key determinant of EBV pathogenesis. After induction of productive viral replication, the EBV genome is amplified 100-to 1,000-fold by viral replication machinery composed of BALF5 DNA polymerase (Pol), BMRF1 polymerase processivity factor, BALF2 single-stranded DNA-binding protein, and BBLF4-BSLF1-BBLF2/BBLF3 (BBLF2/3) helicase-primase complex via a rolling-circle mechanism in discrete sites in nuclei, called replication compartments (4, 5) . BALF5 possesses intrinsic DNA polymerase and 3=-to-5= exonuclease activities (6) and forms a complex with the BMRF1 polymerase accessory protein to exhibit high polymerase processivity (7) . The DNA polymerase and exonuclease domains are highly conserved among a variety of DNA polymerases (8, 9) . Unlike the case of the eukaryotic chromosomal replication apparatus, the EBV DNA Pol holoenzyme is used in the synthesis of both leading and lagging strands at the replication fork (6) .
The peptidyl-prolyl bond has a low rate of spontaneous cistrans isomerization. This is frequently a limiting step for protein folding and usually requires an isomerase to catalyze the process. Phosphorylation on a serine or threonine residue preceding proline (pSer/Thr-Pro) is a key regulatory mechanism, and the conformation of certain phosphorylated Ser/Thr-Pro bonds is regulated specifically by the prolyl isomerase Pin1 (10) . The WW domain of Pin1 binds only to specific pSer/Thr-Pro motifs, which are isomerized by the peptidyl-prolyl isomerase (PPIase) domain to induce conformational changes in proteins (11) . In this way Pin1 regulates various protein functions, including protein stability, catalytic activity, phosphorylation status, protein-protein interactions, and/or subcellular localization (11) (12) (13) (14) . Pin1 works in concert with protein kinases that phosphorylate Ser/Thr-Pro motifs, and protein phosphatases, in turn, can also be regulators of the process (15) . Pin1 has a pivotal role in a variety of biological processes such as cell cycle control (16) , and its deregulation contributes to various pathological conditions, most notably cancer (11, 12, 17, 18) . Pin1 is overexpressed in various human cancers, contributing to centrosome amplification, chromosome instability, and tumor development in vitro and in vivo and correlating with poor clinical outcomes (10, (19) (20) (21) (22) . In contrast, inhibition of Pin1 suppresses tumorigenesis in vitro (23) and prevents cancer development induced by overexpression of oncogenes such as Neu or Ras (24) or by knockout of tumor suppressors such as p53 (25) in mice.
Thus, Pin1 has key roles in control of cellular functions. However, its significance for EBV replication has yet to be clarified in detail. In this study, we show that Pin1 interacts with EBV DNA polymerase BALF5 and modulates productive viral DNA replica-tion. Because there is a very limited number of anti-EBV drugs developed or being developed to date, including acyclic nucleoside analogs, such as acyclovir, and kinase inhibitors, such as maribavir (26, 27) , a search for an effective molecular target has been needed. Pin1 may be a potential target for development of novel antiviral drugs.
MATERIALS AND METHODS
Cell culture and reagents. HEK293T and HEK293 EBV-bacterial artificial chromosome (BAC) cells were maintained in Dulbecco's modified Eagle's medium (Sigma) supplemented with 10% fetal bovine serum. B95-8 cells and an EBV-negative cell clone derived from Akata cells [Akata(Ϫ)] were cultured in RPMI medium supplemented with 10% fetal bovine serum. To induce lytic EBV replication, tetradecanoyl phorbol acetate (TPA), A23187, and sodium butyrate were added to the culture medium at final concentrations of 20 ng/ml, 1 M, and 5 mM, respectively.
Antibodies. Rabbit anti-BZLF1, -BMRF1, -BALF2, and -BALF5 antibodies were as reported previously (28) . An anti-EBV EA-D-p52/50 (BMRF1 gene product) protein-specific mouse monoclonal antibody, clone R3, was purchased from Chemicon Inc. Anti-Pin1 (H-123 and G-8) and anti-␣/␤-tubulin (2148) antibodies were purchased from Santa Cruz Biotechnology, Inc., and Cell Signaling, respectively. Horseradish peroxidase (HRP)-linked goat antibodies to rabbit IgG were from Amersham Biosciences.
shRNA and siRNA. Knockdown of Pin1 with short hairpin (shRNA) was carried out as described previously (29) . As a control, we targeted the luciferase gene (designated shluc). Oligonucleotide sequences for the Pin1 shRNA (shPin1) were 5=-GATCCGCCGAGTGTACTACTTCAATTCAA GAGATTGAAGTAGTACACTCGGCTTTTTTAT-3= (shPin1 for) and 5=-CGATAAAAAAGCCGAGTGTACTACTTCAATCTCTTGAATTGA AGTAGTACACTCGGCG-3= (shPin1 rev), and the sequence for shluc was as noted previously (29) . Duplexes of 21-nucleotide small interfering RNAs (siRNAs) were synthesized and annealed (Gene Design, Inc.). The sense and antisense sequences of the duplex were 5=-GCCAUUUGAAGA CGCCUCGdTdT-3= and 5=-CGAGGCGUCUUCAAAUGGCdTdT-3= for Pin1 and 5=-GCAGAGCUGGUUUAGUGAAdTdT-3= and 5=-UUCA CUAAACCAGCUCUGCdTdT-3= for the control siRNA.
Measurement of the viral genome by qRT-PCR. Cells were harvested at the time indicated in the figure legends and lysed with 200 l of PCR lysis buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 0.001% Triton X-100, and 0.001% SDS). After treatment with 25 g of proteinase K at 50°C for 2 h, samples were boiled at 95°C for 10 min. Quantitative realtime PCR (qRT-PCR) was performed in 10 l of solution containing 1 M each forward and reverse primer, 5 l of FastStart Universal Probe Master (Rox) (containing 6-carboxy-X-rhodamine [ROX] dye; Roche Applied Science), 0.5 l of eukaryotic 18S rRNA endogenous control (Applied Biosystems), and 1 l of prepared sample DNA in PCR lysis buffer. The intensity of ROX dye was used to compensate for volume fluctuations among the tubes. PCR included 2 min at 50°C and 10 min at 95°C and then 40 cycles at 95°C for 15 s, followed by 1 min at 60°C. Immediately after the PCR, we carried out dissociation curve analysis and confirmed the specificity of each PCR product. A standard curve was constructed using serial dilutions of DNA and was used to quantify the amount of DNA. Primers and a probe for detection of the viral genome were designed using Primer Express (Applied Biosystems) within the BALF2-coding region. The sequences were as follows: 5=-GCCCGTCCG GTTGTCA-3= (forward primer), 5=-AATATCTGGTTGTTGCCGTTG A-3= (reverse primer), and 5=-FAM-CTGCCAGTGACCATCAACAAGT ACACGG-TAMRA-3= (probe; where FAM is 6-carboxyfluorescein and TAMRA is tetramethyl rhodamine).
GST pulldown assays. For bacterial expression of glutathione S-transferase (GST)-tagged Pin1 (wild type [WT] or the W34A mutant), Escherichia coli strain DH5␣ was transformed with the pGEX expression vector for each protein (10) . Expression of GST fusion proteins was induced by the addition of isopropyl-␤-D-thiogalactopyranoside (IPTG; 0.5 mM), followed by incubation at 25°C for 4 h. GST pulldown assays were conducted as described previously (10) . In brief, B95-8 or HEK293 cell proteins were lysed in GST lysis buffer at 4°C. After sonication and centrifugation (at 20,000 ϫ g for 10 min at 4°C), the supernatant was preincubated with glutathione-Sepharose beads (GE Healthcare) for 30 min at 4°C. Afterwards, the supernatant was mixed with 50 g of GST fusion protein and glutathione beads for 1 h at 4°C with rotation. The beads were then washed with GST lysis buffer five times and subjected to immunoblotting.
Transfection and IP. Cells were transfected with appropriate plasmids using Lipofectamine 2000 reagent (Invitrogen) or by electroporation using a Microporator (Disital Bio). The total amounts of plasmid DNAs were standardized by addition of an empty vector. For immunoprecipitation (IP), cells were solubilized in 200 l of 0.5% Nonidet P-40 buffer (10 mM Tris-HCl [pH 7.5], 100 mM NaCl, 0.5% Nonidet P-40, and protease and phosphatase inhibitor mixture). Cell extracts were then diluted with 800 l of lysis buffer and precleared with protein G-Sepharose (GE Healthcare). Supernatants were then mixed with protein G-Sepharose and antibody and then incubated at 4°C for 4 h with rotation. Immunocomplexes were washed five times with the same buffer. Samples were subjected to SDS-PAGE, followed by immunoblotting with the antibodies indicated in the figures and figure legends. We used TrueBlot anti-rabbit IgG HRP-conjugated antibodies (eBioscience) as the secondary antibody to eliminate the immunoglobulin heavy chain/light chain-specific band.
BALF5 expression plasmid and mutagenesis. The expression vector for BALF5 was made by inserting the BALF5 open reading frame into the EcoRI/HindIII site of pcDNA3.1 (Invitrogen). Mutant vectors were generated by a PCR-based method using the following primers: TTCCATGT CTACGACATACTC (BALF5⌬1 For), ACACTTGGGAATGAGACGC (BALF5⌬1 Rev), AAGGTCACGCGCCGTTCCATT (BALF5⌬2 For), GA GGACTGCAAACTCCACGTC (BALF5⌬2 Rev), AGAAGAGCACAGGC TAGCC (BALF5⌬3 For), TTGTAGAATCCGGACAGGGG (BALF5⌬3 Rev), CTTCGAGTCATCTACGGGGAC (BALF5⌬4 For), GATGGAGAG GCAGGGAAAG (BALF5⌬4 Rev), GCCCCCTGCCGGGTCTCGG (BALF5-T178A For), and CCTGCGGTCGAAGGTGCTGG (BALF5-T178A Rev). The DNA sequence of each vector was confirmed by DNA sequencing using the following primers: GCATCGTCATCAAGCTACTG (BALF5-1), AGCTCGAGTACGACTGTGAG (BALF5-2), CACATCTAC AGCATCAACCC (BALF5-3), GATCCGCGTGTTCTCCTGC (BALF5-4), CCTTCTTGGCTAGTCTGTTG (BALF5-5), and TCCTGCCTGATG CTGATTAC (BALF5-6).
Genetic manipulation of EBV-BAC DNA. EBV-BAC DNA was provided by W. Hammerschmidt (30) . Homologous recombination was undertaken in E. coli as described previously (28, 29, 31) with the following oligonucleotide primers: 5=-TGTGTGAACGTGTTTGGGCAGCAGGCC TACTTCTACGCCAGCGCGCCTCAGGGTCTGGACGGCCTGGTG ATGATGGCGGGATC-3= (Neo/stFor), 5=-CGCGTGGCATCCACGTTG GCCTCAAAGATCCGACACCCGTGCTTGTCTTGCCACGTGTCAGA AGAACTCGTCAAGAAGG-3= (Neo/stRev), 5=-AAGCCCTCTGGACTT CCATG-3= (Transfer vector For), and 5=-CATTGTCCAGGACAAAGCG G-3= (Transfer vector Rev). Electroporation was performed using a Gene Pulser III (Bio-Rad), and purification of EBV-BAC DNA was achieved with NucleoBond Bac100 (Macherey-Nagel, Germany).
RESULTS
Productive EBV DNA replication is strongly suppressed by knockdown of Pin1. To determine whether Pin1 might influence productive EBV replication, we first carried out knockdown experiments. In HEK293 EBV-BAC cells featuring EBV latent infection, Pin1 expression was suppressed by shRNA (shPin1) transduction (Fig. 1A ). An shRNA against the luciferase gene served as the control. Cells were transfected with empty vector pcDNA3 or pBZLF1, an expression vector for BZLF1, the molecular switch from latent to lytic infection of EBV. After 24 h, levels of viral and cellular proteins were examined by immunoblotting (Fig. 1A) . In the control HEK293 EBV-BAC shluc cells, BZLF1 transfection induced expression of viral genes such as BALF5, BALF2, and BMRF1, as expected, and knockdown of Pin1 (shPin1) had little effect on the expression levels.
We next checked the levels of viral DNA by qRT-PCR (Fig. 1B) . The amount of synthesized EBV DNA was drastically and significantly reduced in Pin1-depleted cells upon induction compared to that in control cells, while levels of intrinsic, latent EBV genome copy numbers were comparable (Fig. 1B) . Similar results were also obtained in lymphocytes (data not shown).
Pin1 interacts with EBV DNA polymerase BALF5. Since Pin1 was shown to contribute to EBV lytic replication (Fig. 1B) , we next examined if certain EBV proteins could interact with Pin1 by GST pulldown assay. Whole-cell lysate from B95-8 cells treated with TPA-A23187-butyrate was incubated with purified GST-Pin1, GST-Pin1 W34A or GST alone expressed in bacteria. The W34A mutant of Pin1 served as a negative control because it cannot bind to the Ser/Thr-Pro motif of the substrates due to the mutation in its WW domain. We found that the viral DNA polymerase catalytic subunit, BALF5, was specifically and repeatedly coprecipitated with GST-Pin1 but not with GST alone or GST-Pin1 W34A ( Fig. 2A) . Other than BALF5, viral factors, such as BZLF1, BMRF1, BBLF4, BBLF2/3, and BSLF1, were not copurified with Pin1 in our GST pulldown assays (data not shown).
To test if the interaction was phosphorylation dependent, an aliquot of the lysate was treated with lambda phosphatase while the rest was left untreated (Fig. 2B) . Dephosphorylation by the phosphatase diminished the interaction (Fig. 2B) , suggesting that the two proteins associate in a phosphorylation-dependent manner (Fig. 2B) .
Immunoprecipitation assays were next conducted in order to confirm the association between endogenous Pin1 and BALF5 in B95-8 cells. Pin1 was coimmunoprecipitated with BALF5, as expected (Fig. 2C) .
For the experiments shown in Fig. 2A to C, we collected viral proteins from EBV-positive B95-8 cells after induction of lytic replication and demonstrated that Pin1 interacts with BALF5 in a phosphorylation-dependent manner. Since EBV encodes a protein kinase, BGLF4, we then examined whether phosphorylation of BALF5 by the viral kinase BGLF4 was necessary for the Pin1-BALF5 association. To this end, EBV-negative HEK293T cells were transfected with a expression vector plasmid for BALF5, and at 24 h posttransfection, GST pulldown assays were carried out using the lysate (Fig. 2D) . Because the interaction between BALF5 and Pin1 was reproduced in an overexpression system, the viral kinase is apparently not a prerequisite for the interaction, and cellular kinases, such as mitogen-activated protein kinases (MAPKs) or cyclin-dependent kinases (CDKs), may be sufficient to mediate the association (17) .
Identification of the Ser/Thr-Pro motif in BALF5 required for association with Pin1. Since phospho-Ser/Thr-Pro is the binding motif for Pin1, we searched for its presence in BALF5 protein. As shown in Fig. 3A (top panel) , BALF5 has seven Ser/ Thr-Pro motifs. In order to map the domain in BALF5 important for the interaction, we generated a series of BALF5 truncation mutants (Fig. 3A) . There are four Ser-Pro (Ser90, Ser578, Ser726, and Ser736) and three Thr-Pro (Thr35, Thr178, and Thr605) motifs in the EBV BALF5 protein. We prepared mutants designated BALF5⌬1, BALF5⌬2, BALF5⌬3, and BALF5⌬4, featuring deletion of amino acids 34 to 93, 167 to 185, 578 to 607, and 704 to 748, respectively. HEK293T cells were transfected with BALF5 wild type (WT) or its mutants, and at 24 h posttransfection whole-cell extracts were subjected to GST pulldown assays. Among the truncation mutants, BALF5⌬2 exhibited attenuated association with GST-Pin1, whereas other mutants showed comparable binding ability with the wild type (Fig. 3B) . As the truncated BALF5⌬2 mutant lacks BALF5 Thr178-Pro, the motif is suggested to be a potential candidate Pin1 binding site. Pulldown of BALF5⌬1 with GST-Pin1 appeared strong, but we believe the result was just an artifact simply because the input level of the protein was also high.
Considering BALF5 T178 as the Pin1 binding motif, we next constructed an alanine substitution mutant, designated BALF5 T178A. BALF5 WT or BALF5 T178A was expressed in HEK293T cells, and then cell lysates were subjected to GST pulldown assays (Fig. 4A) . Levels of copurified BALF5 T178A with GST-Pin1 were markedly lower than with the wild type, as expected (Fig. 4A) . Furthermore, immunoprecipitation assays also confirmed that the T178A mutation diminished the BALF5 association with Pin1 (Fig. 4B) . Therefore, we conclude that BALF5 Thr178-Pro is the Pin1 binding target.
BALF5 T178 is important for viral DNA polymerase activity. Our experiments indicated only one Pin1 binding site in the BALF5 amino acid sequence. To further extend and verify the finding, recombinant EBV with BALF5 deletion was prepared. As shown in Fig. 5A , part of the BALF5 sequence encompassing the Pin1 binding site (Thr178) was replaced with a marker cassette (for neomycin resistance and streptomycin sensitivity [Neo/st]). Integrity of the BAC DNA was checked by BamHI digestion, followed by electrophoresis to confirm that the recombinant viruses did not carry obvious deletions or insertions. The BamHI-digested A fragment of EBV-BAC BALF5⌬ (Fig. 5B , filled arrowhead) migrated more slowly than that of the wild type (open arrow), as expected, since the Neo/st marker cassette was inserted into the fragment (Fig. 5B) .
Recombinant EBV-BAC DNA was introduced into a virusproducing cell line, HEK293, followed by hygromycin selection, to establish cell lines in which the EBV-BAC genome was maintained as an episome. More than 10 cell colonies from each recombinant virus were obtained, and viral protein expression levels in the presence and absence of BZLF1 induction were examined (data not shown). As the result, we obtained BALF5 knockout EBV-BAC cells (EBV-BAC BALF5⌬) which exhibited a typical nature, i.e., viral lytic protein expression was restricted without BZLF1 and efficiently induced by BZLF1.
In the BALF5 knockout cell line, exogenous expression of BZLF1 led to induction of early genes, such as BALF2 and BMRF1, but failed to produce BALF5, in line with expectations (Fig. 6A,  BZLF1) . Because of the lack of BALF5, the DNA Pol catalytic subunit, the virus could not amplify viral DNA even after induction with BZLF1 (Fig. 6C, BZLF1) . Next, in order to compare the efficiencies of complementation, HEK293 EBV-BAC BALF5⌬ cells were transfected with either BALF5 WT or BALF5 T178A expression vectors in addition to BZLF1. Exogenous supply of BALF5 WT restored the replication and increased viral DNA levels by 14.6-fold (Fig. 6C, BZLF1ϩBALF5 WT) . On the other hand, the BALF5 T178A mutant increased the viral DNA only 4.54-fold (Fig. 6C, BZLF1ϩBALF5 T178A) , when the mutant BALF5 protein expression level was equivalent to that of the wild type ( Fig.  6A and B) . In addition, we measured viral particles produced from the cells (Fig. 6D) . Culture supernatant from the cells were collected and cocultured with naive Akata(Ϫ) cells. Since the recombinant EBVs used here encode green fluorescent protein (GFP), Akata(Ϫ) cells infected with EBV become GFP positive. When wild-type BALF5 was transfected with BZLF1, 759 infectious particles were obtained per ml of supernatant on average. Although the DNA replication levels (Fig. 6C ) and viral yield (Fig. 6D) were slightly weak, we assume that this experimental condition is still physiologically relevant. The T178A mutation of BALF5 caused a slight decrease in the viral yield (Fig. 6D) . These results indicate that the T178 residue of BALF5 is needed for efficient lytic replication of the EBV genome and suggest that optimal activity of the DNA polymerase is mediated through the interaction with Pin1.
To further verify the conclusion, we lastly tested if knockdown of Pin1 could influence EBV replication under this condition, too. Transfection of siRNA to HEK293 EBV-BAC BALF5⌬ cells caused a considerable decrease in Pin1 levels when levels of other markers like BALF5, BZLF1, and tubulin remained unchanged (Fig. 6E ). Viral replication levels this time reached 17.8-fold with BZLF1 plus BALF5 (wild type) and control siRNA, but Pin1 knockdown resulted in only a 12.2-fold increase (Fig. 6F) . Although the difference in the results shown in Fig. 6F was less remarkable than the difference shown in Fig. 1B , we speculate that this reduction level by siPin1 is convincing enough because knockdown of Pin1 here ( Fig. 6E) was not as complete as that in the experiment shown in Fig. 1A .
DISCUSSION
In this study, we obtained evidence for the first time of an interaction between the EBV lytic protein BALF5 and the cellular regulator Pin1. The results documented show clear involvement of the Pin1 protein in efficient EBV lytic replication. Initially, Pin1 was identified as a key regulator from knockdown experiments since silencing of Pin1 resulted in significant suppression of the viral replication level (Fig. 1) .
We first speculated that knockdown of Pin1 might directly influence viral lytic gene transcription because Pin1 reportedly regulates RNA polymerase II activity (32) (33) (34) . Pin1 also impacts cellular signaling through factors such as Akt (35) , c-Jun (36, 37) , and p65/NF-B (38) . In fact, shPin1 might have slightly decreased EBV early gene expression (Fig. 1A) although we assume the levels are comparable. Then, we found that the EBV DNA polymerase BALF5 interacted directly with Pin1, as demonstrated by GST pulldown (Fig.  2A) , and that the interaction is dependent on phosphorylation of BALF5 Thr178 (Fig. 2B and 4) . Results of immunoprecipitation assays also supported this conclusion (Fig. 2C and 4B) . Although the association of Pin1 with BALF5 ( Fig. 2 to 4 ) and its influence on viral DNA replication (Fig. 6) are clear, we cannot preclude the possibility that there may be other Pin1 substrates besides BALF5 that affect EBV genome amplification as Pin1 has a large number of substrates (12) . Thus, the search for other Pin1 targets is still under way. In addition, it must also be noted that because there are a number of cellular target proteins that are up-/downregulated by Pin1, we cannot ignore the possibility that some of these cellular target proteins may cause even adverse effects on EBV replication. But as a whole, Pin1 clearly upregulates EBV lytic replication ( Fig. 1) , at least partly through the action of BALF5 (Fig. 6) .
In this paper, we identified Pin1 interaction with the EBV DNA polymerase BALF5 enzyme at Thr178. The polymerase contains conserved domains, including polymerase catalytic and exonuclease domains at the C terminus, but the sequence around Thr178 is not conserved. We have no concrete idea of how Pin1 modulates BALF5 function, but it is possible that the N-terminal domain of BALF5, including Thr178, may somehow regulate its C-terminal functional domains by altering the structure of the protein in a subtle way. Further studies are required to gain an understanding of the molecular mechanism of how Pin1 regulates BALF5 enzymatic activity.
To our knowledge, EBV BALF5 is the only Pin1 target so far identified, not just in EBV but among all herpesvirus genes. Milbradt and others reported data suggesting that Pin1 may be involved in reorganization of nuclear lamin after phosphorylation by the human cytomegalovirus (HCMV)-encoded protein kinase UL97 (39) . Elsewhere, Peloponese and others showed that Pin1 binds to the Tax protein of human T cell leukemia virus 1 and regulates Tax-induced NF-B activation (40) . Jeong and others demonstrated that Pin1 prolongs the Tax protein half-life by suppressing ubiquitination and proteasome-dependent degradation (41) . Furthermore, Pin1 increased stability of the hepatitis B virus oncoprotein X and enhanced transactivation and cell proliferation (42) . Hepatitis C virus replication is regulated by Pin1, probably through binding to NS5A/NS5B (43) . Human immunodeficiency virus type 1 genome integration (44) and capsid uncoating (45) are also regulated by Pin1. Although exact roles of Pin1 in controlling herpesvirus replication remain elusive, it has already been proposed as an important modulator of viral proteins and a unique target for antiviral therapy (46) .
A number of studies suggest that Pin1 has a role in tumorigenesis as it is overexpressed in a number of human cancers (47, 48) . Since we determined that Pin1 is a positive regulator of EBV lytic replication, EBV-positive cancer tissue may be an efficient site for producing novel virus particles. While further studies are required to clarify the underlying mechanisms, Pin1 clearly warrants attention as a novel target for potential antiviral/cancer drug development.
